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Fe5−xGeTe2 is a van der Waals (vdW) material with one of the highest reported bulk
Curie temperatures, TC ≈310 K. In this study, theoretical calculations and experiments
are utilized to demonstrate that the magnetic ground state is highly sensitive to local
atomic arrangements and the interlayer stacking. Cobalt substitution is found to be an
effective way to manipulate the magnetic properties while also increasing the ordering
temperature. In particular, cobalt substitution up to 30% enhances TC and changes the
magnetic anisotropy, while ≈50% cobalt substitution yields an antiferromagnetic state.
Single crystal x-ray diffraction evidences a structural change upon increasing the cobalt
concentration, with a rhombohedral cell observed in the parent material and a prim-
itive cell observed for ≈46% cobalt content. First principles calculations demonstrate
that it is a combination of high cobalt content and the concomitant change to primitive
layer stacking that produces antiferromagnetic order. These results illustrate the sen-
sitivity of magnetism in Fe5−xGeTe2 to composition and structure, and emphasize the
important role of structural order/disorder and layer stacking in cleavable magnetic
materials.
I. INTRODUCTION
The disparity between interlayer and intralayer bond-
ing forces in exfoliable materials typically results in weak
interplane magnetic interactions.1–6 This can lead to low
magnetic ordering temperatures, particularly in insula-
tors with multi-atom magnetic exchange paths between
layers. The case is more complicated in cleavable metals,
where delocalization makes bonding and magnetic inter-
actions more difficult to understand. One of the highest
reported Curie temperatures (TC) in a cleavable bulk ma-
terial is found in metallic Fe5−xGeTe2 with bulk TC as
high as 310 K;1–3 magnetic order was demonstrated to
exist at similarly high temperature in exfoliated flakes
with thicknesses approaching 10 nm.2 Magnetic order
above 200 K is also found in metallic Fe5Ge2Te2
10 and
Fe3−xGeTe2,11–14 the latter of which has garnered sig-
nificant attention with magnetic order demonstrated in
the monolayer limit.15,16 Such itinerant magnetism is
strongly coupled to the electronic structure and atomic-
scale disorder and site substitutions can have a significant
impact on TC and the magnetic anisotropy, as shown for
Fe3−xGeTe2.17–19 The magnetism in these cleavable met-
als is expected to be quasi-2D, and the ferromagnetic
(FM) order has been predicted to persist in monolayer
Fe5GeTe2.
20 Relatively weak interplane interactions have
indeed been demonstrated by inelastic neutron scatter-
ing for Fe3−xGeTe2.21 This implies an ability to tune
the interplane coupling and modify the magnetic re-
sponse. Such an effect has been observed in insulating
CrI3, where antiferromagnetic (AFM) or ferromagnetic
coupling between layers depends on the cell symmetry
(layer stacking).6,22–24 In RuCl3, the Ne´el temperature
TN varies by ≈100% with changes in layer stacking (≈7
to 14 K).25
Through a combined experimental and theoretical ef-
fort, this research establishes a connection between the
magnetic ground state and the local atomic order and
layer stacking in Fe5GeTe2, thereby demonstrating con-
trol over the room temperature magnetic properties.
Fe5−xGeTe2 contains local atomic order/disorder due to
a split site (Fe1a,b in Fig1(a)), and the associated mag-
netic sublattice orders near 120 K despite TC = 310 K.
The density functional theory (DFT) calculations re-
ported here find that a distribution of Fe atoms on Fe1a
and Fe1b sites yields a FM ground state, while the en-
ergetically unfavorable configuration of occupying only
the Fe1a positions has an antiferromagnetic ground state
with small Fe1 moments. Experimentally, cobalt substi-
tution up to ≈30% is found to enhance TC while chang-
ing the anisotropy from easy-axis [001] to easy-plane in
these trigonal materials. At higher cobalt concentrations
(≈45%-55%), the magnetization has a predominantly
AFM character with TN remaining between ≈290-340 K.
X-ray single crystal diffraction evidences a change in
layer stacking from rhombohedral to primitive for ≈50%
cobalt. In turn, DFT calculations suggest that it is a
combination of the primitive layer stacking and the high
cobalt content that leads to an AFM ground state. In
total, these results demonstrate control of magnetic cou-
pling, ordering temperature and anisotropy via chemical
substitution, local atomic arrangements and layer stack-
ing in a metallic vdW material.
II. METHODS
Cobalt-containing crystals were grown using the same
iodine-assisted approach as utilized for Fe4.87(2)GeTe2,
2,3
using initial compositions of Fe5−yCoyGeTe2. The raw
elements were sealed in evacuated silica ampoules and
heated to 750◦C at 120◦/h, followed by an isothermal
step for 1-2 weeks at 750◦C. The ampoules were quenched
into ice-water and iodine was washed from the surfaces of
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Figure 1. (a) Schematic of Fe5GeTe2 layer in one unit cell
with atomic types and positions labeled. Fe1a,b represent a
split site that allows for local atomic order/disorder, and the
associated split site of Ge is not illustrated for simplicity. (b)
Change in lattice type (rhombohedral/primitive) with cobalt
doping (gold spheres) and corresponding evolution of mag-
netic order and anisotropy (black arrows). Preferred cobalt
locations are shown for Fe4CoGeTe2 and Fe2Co3GeTe2 based
on first principles calculations; all Fe1 sites are filled for ease
of viewing. Rhombohedral centering with ABC layer stacking
is shown for Fe5GeTe2 and Fe4CoGeTe2, while primitive cen-
tering with AAA layer stacking is shown for Fe2Co3GeTe2.
In real crystals, the Fe4CoGeTe2 composition is expected to
possess stacking disorder associated with the competition be-
tween these two stacking sequences.
crystals with solvents (ethanol and/or isopropanol with
an acetone rinse). An attempt to form Co5GeTe2 in the
presence of iodine yielded only binary compounds.
Single-crystal x-ray diffraction data were collected us-
ing a Bruker D8 Quest with a nitrogen cold stream
at 220 K by mounting the crystals in paratone oil.
Structural solution and refinement were performed us-
ing ShelX after data reduction via SMART-Plus.26 Small
crystals (<100µm) were selected from batches where the
larger crystals (>1 mm) had experimental compositions
of 28 and 46% cobalt. The experimental cobalt concen-
trations used throughout the manuscript were obtained
via energy dispersive spectroscopy (EDS). EDS data were
collected using a Hitachi TM-3000 scanning electron mi-
croscope equipped with a Bruker Quantax 70 EDS detec-
tor system; the accuracy is expected to be 1-2 atomic %.
The cobalt concentration was determined as that relative
to the total transition metal content and a net change in
total transition metal content was not detected within
the resolution of the instrument. X-ray diffraction data
from the crystal facets were collected using a PANalytical
X’Pert Pro MPD utilizing a Cu Kα1 (λ=1.5406 A˚) inci-
dent beam monochromator. Le Bail fitting was then per-
formed using the program FullProf.27 Magnetization data
were collected in SQUID magnetometers from Quantum
Design (MPMS, MPMSXL, MPMS3), using the DC ap-
proach with data obtained upon cooling in an applied
field. Isothermal M(H) data are plotted as a function
of applied field and were collected upon decreasing the
field toward zero; demagnetization effects do not impact
the conclusions and are discussed in the Supporting In-
formation.
First principles calculations were based on density
functional theory (DFT) with Perdew-Burke-Ernzerhof
(PBE) exchange-correlation functional28 as implemented
in the VASP code.29 The kinetic energy cutoff of the
plane-wave basis is 310 eV. The projector augmented
wave method was used to describe the interaction be-
tween ions and electrons.30 A 6×6×1 k-point mesh was
used for the 2×2×1 of Fe5GeTe2 and the 2×2×2 cell
of 20% cobalt substitution (Fe4CoGeTe2). A 6×6×2 k-
point mesh was used for the 2×2×2 cell of 60% cobalt
substitution (Fe2Co3GeTe2). A test calculation using a
denser 8×8×2 k-point mesh for 60% cobalt changed the
energy difference between FM and AFM orderings by
only 0.5 meV/f.u.. The lattice parameters are fixed at
the experimentally measured values obtained at ≈ 220 K
for 0 and 46% cobalt. The atomic positions are optimized
until the force on each atom is less than 0.02 eV/A˚. Ap-
propriate supercells were taken to probe the energies of
different atomic arrangements on the Fe1a / Fe1b split
site as well as to explore antiferromagnetic coupling along
the c-axis.
III. RESULTS AND DISCUSSION
A. Crystal Growth and Structural Information
The structural unit of Fe5GeTe2 is shown in Fig.1(a)
and atomic-level disorder on the Fe1 sublattice likely im-
pacts many physical properties. This sublattice is a split-
site that resides either above (Fe1a) or below (Fe1b) the
neighboring Ge atom due to bond distance restrictions.
The Ge atom also resides at a split site as it moves down
(up) to adjust for occupation of Fe1a (Fe1b); the Ge split
site is not illustrated in Fig.1 for simplicity. The Fe1
sublattice also hosts vacancies but the total Fe content
has not been manipulated. Single crystals grown in the
presence of iodine using various nominal concentrations
of Fe always possess the same composition, which was
determined to be Fe4.87(2)GeTe2 by refinement of single
crystal x-ray diffraction data and Fe4.7(2)GeTe2 by wave-
length dispersive spectroscopy.2
The unit cell is composed of three Fe5−xGeTe2 lay-
ers with rhombohedral layer stacking,1,2 as illustrated on
the left of Fig.1(b) (space group R3¯m). This ideal de-
scription is complicated by a phase transition near 570 K
that involves layer stacking and induces significant stack-
ing disorder in samples that are cooled slowly to room
temperature.3 The primitive layer stacking shown at the
right edge of Fig.1(b) was speculated to be the most
common stacking fault.1 Interestingly, this is the struc-
tural model we report herein for a crystal with ≈46%
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Figure 2. (a) Experimental versus nominal cobalt concen-
tration with shaded regions where ferromagnetic (FM) and
antiferromagnetic (AFM) behavior are observed. (b) X-ray
diffraction data from crystal facets; these 00l reflections (red)
were fit (black lines) to obtain the layer spacings d for select
compositions.
cobalt, as discussed below. The coupling and orienta-
tions of the magnetic moments are shown in Fig.1(b) at
representative compositions, and these trends with cobalt
substitution are established via the data and calculations
discussed below.
We employed first principles calculations based on den-
sity functional theory to investigate the preferential oc-
cupation on the Fe1 sublattice and the substitution of
cobalt into the lattice. The lattice parameters were fixed
and all atomic positions were relaxed locally in response
to the different atomic orderings imposed for the Fe1 sub-
lattice. The calculations revealed a significantly lower
energy when the Fe1 atoms are distributed on both Fe1a
and Fe1b positions as opposed to occupation on only
Fe1a. The results are summarized in Table2, where ener-
gies relative to the ground state are provided and results
for cobalt substitution are also included but discussed
later. Distributing Fe atoms on both Fe1a and Fe1b in
a checkerboard pattern is 123 meV/f.u. lower in energy
than only occupying the Fe1a position. A striped dis-
tribution of atoms on Fe1a and Fe1b is within 3 meV
of the checkerboard atomic order. These results suggest
that distributing Fe across Fe1a,b is most energetically
favorable, but that significant disorder will likely exist
in real crystals; this is consistent with previous STEM
observations.2 The atomic order with only Fe1a positions
occupied has a non-centrosymmetric unit cell as in the
model put forth by Stahl et al with space group R3m.1
Distributing atoms on both Fe1a and Fe1b seems to be
more energetically favorable because it reduces the local
density and distributes iron atoms across the slab so that
more favorable bond distances can be achieved through-
out the entire Fe5GeTe2 structural motif. Relaxed atomic
positions can be viewed in the structural files uploaded
as Supporting Information.
We grew single crystals using an iodine assisted reac-
tion, and the crystals obtained from a given growth were
found to have similar compositions and magnetic prop-
erties. Individual crystals were selected and energy dis-
persive spectroscopy (EDS) was performed prior to char-
acterization by diffraction off as-grown or cleaved facets,
magnetization, specific heat or electrical resistivity mea-
surements. The electrical resistivity data demonstrate
that all compositions are metallic with a large residual
resistivity, and the specific heat data suggest a decreas-
ing electronic contribution with increasing cobalt content
(see Supporting Information).
The relationship between nominal cobalt concentra-
tion and the experimentally determined concentration is
shown in Fig. S1(a). A good correspondence between the
experimental and nominal cobalt concentrations was ob-
served up to ≈25% cobalt. Crystals containing ≈30-45%
cobalt were not successfully synthesized; this may point
to a miscibility gap, but a detailed investigation was not
pursued. The concentration of cobalt provided is relative
to the total transition metal content and the error bars
are the standard deviations obtained by averaging many
points collected at various spots on a given crystal.
X-ray diffraction off the facets of as-grown crystals was
utilized to assess the interlayer spacing at a few cobalt
concentrations, with data shown in Fig. S1(b). Le Bail
fitting to these data reveals a small increase in the inter-
layer spacing d as cobalt is incorporated into the lattice.
The diffraction patterns in Fig. S1(b) only contain 00l
reflections and thus do not probe the lattice centering
directly. Assuming trigonal symmetry, the data can be
indexed using a rhombohedral cell were c=3d (l=3n re-
flection indexing) or a primitive unit cell with d = c (l=n
indexing) and thus robust information about d can be ob-
tained. Due to the introduction of strain and/or stack-
ing disorder upon grinding for powder diffraction, single
crystal diffraction experiments were utilized to probe the
symmetries in select Fe5−yCoyGeTe2 crystals.
X-ray single-crystal diffraction data were collected to
assess how cobalt substitution impacts the average sym-
metry. Crystals were selected from growths that pro-
4Table 1. Refined structural parameters for (Fe,Co)5GeTe2 from single-crystal x-ray diffraction data. Space
group P 3¯m1 (No. 1647); a = 4.0196(2)A˚, c = 9.8000(6)A˚, T = 220 K, R1 = 0.0466, wR2 = 0.129 and GooF = 1.36 for all
232 reflections after merging using 17 parameters and zero constraints. The refinement assumed a fixed composition of 50%
iron/cobalt and the expected composition is ≈46% cobalt.
atom x, y, z Wykoff position occupancy
Te1 1
3
, 2
3
,0.34347(11) 2d 1
Ge1 0,0,0.9823(7) 2c 0.5 (split site)
Fe1/Co1 0,0,0.2318(4) 2c 0.5 (split site)
Fe2/Co2 2
3
, 1
3
,0.1808(3) 2d 1
Fe3/Co3 1
3
, 2
3
,0.0760(3) 2d 1
U11 U22 U33 U12
Te1 0.0074(4) 0.0074(4) 0.0076(5) 0.0037(2)
Ge2 0.0029(6) 0.0029(6) 0.013(5) 0.0015(3)
Fe1/Co1 0.0030(9) 0.0030(9) 0.0066(17) 0.0015(5)
Fe2/Co2 0.0118(6) 0.0118(6) 0.0103(11) 0.0059(3)
Fe3/Co3 0.0058(6) 0.0058(6) 0.0053(10) 0.0029(3)
duced average cobalt concentrations of 28 and 46%. The
diffraction data for the crystal from the 28% cobalt
growth were not suitable for structural solution due to
stacking disorder (significant streaking along l for h0l re-
flections as shown in the Supporting Information). For
the higher cobalt content (≈46%), stacking faults were
not an issue and a structural model was developed in
space group P 3¯m1. The data were indexed to a primi-
tive unit cell with a=4.0196(2)A˚ and c=9.8000(6)A˚ at
220 K. A comparison to the structure of Fe5−xGeTe2 re-
veals that cobalt substitution causes a slight contraction
within the ab-plane and an increase in the slab thick-
ness and interlayer spacing. These results are consistent
with the increase in layer stacking observed by diffraction
from the crystalline facets. We note that a twin law was
required for the structure solution. Given that cobalt
substitution drives a stacking transition, it is likely that
some intermediate cobalt concentrations (such as 28%)
have significant stacking disorder.
The change from a rhombohedral to a primitive unit
cell is not especially surprising because stacking faults
associated with the primitive stacking are observed in
parent Fe5−xGeTe2 crystals.1 Indeed, these have been as-
sociated with a structural transition at ≈570 K.3 Cobalt
substitution appears to enhance the stability of the stack-
ing sequence that the parent phase is unable to coherently
transform to upon cooling below ≈570 K, perhaps due to
phase competition associated with local order/disorder.
Interestingly, we previously observed a
√
3a×√3a super-
cell in the parent Fe4.87(2)GeTe2 crystals and this was also
detected in the diffraction data for the 28% cobalt crys-
tal. This in-plane supercell was not evident in the diffrac-
tion data for the 46% cobalt crystal. Due to similarity in
atomic number of Fe and Co, the site occupations and to-
tal composition were not able to be refined reliably from
the x-ray diffraction data. Regardless of the approaches
used, such as site preferences, the refined composition is
very close to (Fe,Co)5GeTe2 and thus cobalt incorpora-
tion may lead to a small increase in total transition metal
content.
The preferred site occupancy for cobalt was investi-
gated with DFT calculations. Substitution of cobalt on
the Fe1 sublattice is 175 meV/Co more favorable than oc-
cupation on the Fe2 site, which is still 140 meV/Co more
favorable than occupation on the Fe3 sublattice (for the
distribution of atoms on both Fe1a,b in a checkerboard
arrangement with 10% cobalt substitution). We there-
fore anticipate that cobalt first substitutes (primarily)
for Fe1 and then for Fe2, and have illustrated this calcu-
lation scheme in Fig.1(b) where all Fe1 sites are occupied
for simplicity.
B. Evolution of Magnetic Properties
The anisotropic magnetization data are shown in Fig.3
for crystals containing 0, 12 and 28% cobalt. The
temperature-dependent magnetization M(T ) in Fig3(a-
c) reveals a dominant ferromagnetic character for 12 and
28% cobalt. The cobalt containing samples consistently
have higher TC than the parent phase, with TC between
323 and 328 K observed for 12-28% cobalt. This TC was
determined by the intersection of linear fits from just
above and below TC to the observed M
2(T ). The in-
creased TC could be caused by a small change in the to-
tal transition metal content or the reduced in-plane lat-
tice parameter upon cobalt incorporation, though pre-
vious experiments have shown that strain also appears
to impact TC.
2 Due to demagnetization effects that are
temperature dependent, the M(T ) data do not provide
a clear picture of the magnetic anisotropy (the internal
field becomes much smaller for H ‖ c upon cooling).
The isothermal magnetization data at T=2 K in
Fig3(d-f) reveal a significant change in the magnetic
anisotropy upon cobalt substitution for these ferromag-
netic compositions. Cobalt incorporation reduces the
easy-axis anisotropy in favor of easy-plane anisotropy.
The highest cobalt content (28%) has an easy-plane
anisotropy of about 2 T, which is roughly double that
of the easy-axis anisotropy for the parent Fe4.87(2)GeTe2
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Figure 3. (a,d) Anisotropic M for parent Fe4.87(2)GeTe2 in
(a,d) and for the ferromagnetic cobalt containing samples in
(b,c,e,f). The data demonstrate that cobalt substitution for
iron results in a slight enhancement in the Curie tempera-
ture, along with a change in magnetic anisotropy that is best
observed in (d,e,f).
crystals. This evolution of the magnetic anisotropy is
illustrated in Fig.1(b). While the trend towards easy-
plane anisotropy is not necessarily desired from the per-
spective of stabilizing magnetic order in the pure 2D
limit, controlling magnetic anisotropy via chemical sub-
stitution is an important step in tuning cleavable mag-
netic materials.
In addition to changing the anisotropy and enhancing
TC, the incorporation of cobalt leads to a more monotonic
behavior in M(T ). In Fe4.87(2)GeTe2 crystals, the Fe1
sublattice is magnetically dynamic above 120 K, and this
characteristic of the magnetism dominates the low-field
magnetic response as well as the transport properties.3
The lack of strong anomalies below TC in the cobalt-
containing samples suggests cobalt substitution impacts
the magnetic-independence of the Fe1 sublattice, likely
through the preferential substitition of cobalt for Fe1 as
predicted by DFT calculations. The change in behav-
ior of M(T ) with cobalt substitution also correlates with
the observed change in magnetic anisotropy. The mag-
netic anisotropy in the parent phase appears driven by
the Fe1 moments, with the easy-axis anisotropy devel-
oping mostly below 100 K where those moments are not
dynamic.3 Therefore, the strong impact of cobalt substi-
tution on the anisotropy may also support preferential
occupation on the Fe1 sublattice.
In crystals with the highest cobalt concentrations (46-
54%), antiferromagnetic character was observed in the
magnetization data. Magnetization data for a crystal
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Figure 4. Magnetization data for a crystal with 46% cobalt.
(a,b) Temperature-dependent M demonstrating cusp above
associated with AFM order. (c,d) Isothermal magnetization
data showing evolution of anisotropy with temperature. In (d)
a spin flip transition is observed near 1.5 T at 2 K for H ‖ c ,
which demonstrates that the moments align predominantly
along [001] in zero field.
with 46% cobalt content are shown in Fig.4. It is appar-
ent that the induced magnetization is much smaller than
for the ferromagnetic crystals with lower cobalt content
(compare to Fig.3(b,c)). When measured by the cusp in
M(T ), the Ne´el temperature is TN = 343 K (H=100 Oe).
This value decreases with increasing applied field, consis-
tent with compensated AFM character. The M(T ) data
indicate that the orientation of the moments changes as
a function of temperature. At 200 K and above, there is
little anisotropy in the magnetic response (see Fig.4(c)).
At the lower temperatures, below ≈150 K, the moments
seemingly orient along the c-axis. This is evidenced in
Fig.4(d) by the spin-flip transition near 1.5 T forH ‖ c at
T=2 K. Interestingly, the ordering temperature remains
quite high and the saturated moment is only moder-
ately reduced relative to that of the ferromagnetic com-
positions. At the highest cobalt concentrations synthe-
sized (≈54%), dominant AFM character is observed with
cusps in M(T ) between ≈290 and 310 K. The evolution
of the anisotropy at high cobalt concentrations appears
to be somewhat complex and the magnetic structure may
be complicated. We also note that the crystals remain
metallic even at high cobalt concentrations (see Support-
ing Information). Based on the calculations discussed
below, we believe the AFM state contains ferromagnetic
layers that are coupled antiferromagnetically along [001],
and could thus be of interest for building certain types
of ferromagnetic vdW heterostructures.
The impact of cobalt substitution on the magnetic re-
sponse is summarized in Fig.5. Also, the schematic in
Fig.1(b) displays a change in magnetic anisotropy within
6the ferromagnetic portion of the phase diagram, as well
as a change in interlayer coupling from FM to AFM at
high cobalt content where the primitive unit cell is ob-
served. Figure5(a) displays the observed ordering tem-
peratures (TC or TN), while Fig.5(b,c) show the mag-
netization M induced at 300 K (H ⊥ c = 10 kOe) and
the effective saturation magnetization at T=2 K (H =
60 kOe). The dashed lines in Fig.5 enclose the approxi-
mate region where the anisotropy of the induced magne-
tization inverts from an easy-axis (parallel to the c-axis)
to an easy-plane for the ferromagnetic compositions.
The anisotropy was inferred using the disparity of crit-
ical fields for saturating M in isothermal magnetization
data; relatively little anisotropy is observed in the parent
Fe5−xGeTe2, particularly above 100 K, and consideration
of demagnetization effects are necessary to infer the in-
duced anisotropy (see Supporting Information).2
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Figure 5. Summary of magnetic behavior as a function of
cobalt content. (a) Curie and Ne´el temperatures, (b) magne-
tization induced along [001] at 300 K and (c) saturation mag-
netization (2 K, H ‖ c= 60 kOe). The dashed vertical lines in-
dicate the approximate region where the magnetic anisotropy
inverts for the ferromagnetic compositions; the solid lines in
the FM region are to facilitate viewing. The AFM region is
likely characterized by FM planes that are coupled antiferro-
magnetically along [001].
The change from ferromagnetic to antiferromagnetic
order appears to be coupled to the structural transition
involving layer stacking. The antiferromagnetic behav-
ior in Fig.4 and the crystal structure with primitive unit
cell in Fig.1(b) were both obtained from crystals selected
from the same crystal growth. A similar transition be-
tween ferromagnetic order and antiferromagnetic order
with layer stacking is seen in CrI3, where exfoliated sam-
ples maintain the high-temperature monoclinic stacking
and AFM order results. This is opposite to the FM be-
havior seen in bulk CrI3 that has rhombohedral lattice
centering at low temperature.6,22–24
We utilized first principles calculations to probe the
connection between structure, composition and magnetic
order in Fe5GeTe2. We begin by discussing results for
the parent Fe5GeTe2 and then move onto the impact of
cobalt substitution. These results indicate that the intra-
plane coupling is predominantly ferromagnetic, but the
interplane coupling is sensitive to the local atomic con-
figurations.
The numerical results of first principles calculations
are summarized in Table2 for the lowest energy configu-
rations. For the structural configuration with Fe1a,b oc-
cupied in a checkerboard arrangement, the ferromagnetic
configuration of Fe5GeTe2 was more stable than an anti-
ferromagnetic configuration with AFM coupling between
slabs (along [001]). This result held for both the rhombo-
hedral and primitive models. The FM ground state was
10 meV/f.u. more stable than when the slabs are coupled
AFM along [001] for the rhombohedral stacking, with
calculated moments of the 1.97µB/Fe1, 2.04µB/Fe2 and
2.42µB/Fe3. These values are similar to the ≈2µB/Fe
observed experimentally.1–3 Calculations were also per-
formed in the atomic configuration where the Fe1 atoms
are only on the Fe1a sites. For this atomic distribution,
the ferromagnetic simulation would not converge and in-
stead a ferrimagnetic ground state was observed. This
state was characterized by small Fe1 moments (-0.13µB)
coupled antiparallel to those on Fe2 and Fe3 with FM
coupling between layers along [001]. However, imposing
AFM coupling between the layers along [001] yielded fer-
romagnetic slabs with small Fe1 moments (0.12µB) fer-
romagnetically aligned with the neighboring Fe2 and Fe3
moments (ferromagnetic slabs stacked antiferromagneti-
cally). Importantly, this AFM configuration is calculated
to be 4 meV/f.u. more stable than the ferrimagnetic state
for this atomic distribution with all Fe1a occupied and
Fe1b vacant. These results thus suggest that the intra-
planar coupling is dominantly ferromagnetic. Indeed, an-
tiferromagnetic coupling within a slab was found to be
very high in energy relative to the ferromagnetic ground
state, as discussed in the Supporting Information.
The DFT calculations demonstrate that structural dis-
order and short-range atomic order will be significant in
determining the magnetic properties of Fe5GeTe2. In
materials with regions of short-range atomic order that
have different magnetic ground states, the neighboring
domains can interact and cause a strong competition
between magnetic states in a way that leads to com-
plex magnetic behavior.31 Such an effect was observed
in TlFe1.6Se2, where a complete spin reorientation is ob-
served in crystals with ordering of Fe vacancies but a
competition for moment orientation is observed when
nanoscale phase separation exists between atomically or-
dered and disordered regions.32 Both Fe5−xGeTe2 and
TlFe1.6Se2 possess magnetoelastic coupling evidenced by
a large lattice response across a magnetic transition,
7Table 2. Energetics of local atomic order and magnetic couplings in Fe5−yCoyGeTe2. Calculated energies relative
to predicted ground state and moments on the Fe1 sublattice at a given composition. The atomic distributions on the Fe1
sublattice and the interlayer coupling are modified, along with cobalt content, for rhombohedral R or primitive P lattices as
indicated. Positions for cobalt substitutions are illustrated in Fig. 1(b).
% cobalt / lattice Fe1 Atomic Distribution FM/AFM ∆E Moment
at.% = y/5 along [001] meV/f.u. µB/Fe1
0% / R Fe1a,b checker FM 0 1.97
0% / R Fe1a,b stripe FM 3 1.96
0% / R Fe1a,b checker AFM 10 1.99
0% / R Fe1a only AFM 119 0.12
0% / R Fe1a only FM 123 -0.13
20% / R Fe1a,b checker FM 0 0.68
20% / R Fe1a,b checker AFM 8 1.99
60% / P Fe1a,b checker AFM 0 1.05
60% / P Fe1a,b checker FM 5 1.05
60% / R Fe1a,b checker FM 0 1.05
60% / R Fe1a,b checker AFM 1 1.05
which may enhance interactions between nano-domains.
Such behavior may produce the complex M(T ) seen in
Fe5−xGeTe2, though evolving anisotropy and magnetism
due to dynamic Fe1 moments are likely important as well.
The effect of cobalt substitution on the magnetism
was investigated theoretically using the energetically-
favorable atomic configurations (Fe1a,b site preference
followed by Fe2 occupation). At 20% cobalt in the par-
ent R3¯m structure, FM ordering remains as the ground
state, albeit with a slightly reduced moment. For DFT
calculations of 60% Co substitution (Fe2Co3GeTe2) we
first utilized the primitive unit cell obtained experimen-
tally for a crystal with approximately 46% cobalt content.
In this configuration, AFM coupling along [001] is more
stable than the FM order by 5 meV/f.u., in agreement
with the experimental result that shows AFM ordering
for 45-54% cobalt content. Within the parent rhombohe-
dral structure, however, FM ordering is calculated to be
slightly more stable than the AFM order for 60% cobalt
(by only 1 meV/f.u.). It was also verified that the small
increase in layer spacing that occurs with cobalt doping
does not impact these qualitative results. These results
demonstrate that the transformation from FM to AFM
order is correlated with the change of layer stacking and
the net cobalt content.
IV. CONCLUSIONS
This investigation has shown that the magnetism in
Fe5GeTe2 is highly sensitive to the local atomic arrange-
ments in a given Fe5GeTe2 layer as well as the interlayer
stacking configuration. Cobalt substitution allows one to
control the magnetic response in Fe5GeTe2 at a surprising
level by impacting the nature of the magnetic interactions
and the atomic configurations. Cobalt substitutions up
to ≈30% enhance the ferromagnetic character by sub-
stituting primarily on the Fe1 sublattice. The result is
a unified response of the different magnetic sublattices,
an enhancement in TC and an inversion of the magnetic
anisotropy. Cobalt concentrations of 45-55% induce an
antiferromagnetic ground state with relatively little mag-
netic anisotropy. A transition to a primitive unit cell is
also observed at similar compositions. DFT calculations
reveal that both the primitive unit cell and a high cobalt
content are required to induced the AFM ground state.
In general, the calculations reveal that local atomic con-
figurations and layer stacking strongly impact the pre-
dicted magnetic ground state, while the intralayer cou-
pling is dominantly ferromagnetic. As such, these re-
sults highlight how metallic, cleavable materials can be
tuned to access different states, in large part because
of their weak interlayer interactions. From a chemical
perspective, controlling the composition and identifying
alternative synthesis strategies that can promote partic-
ular types of local order are promising avenues to further
tune the magnetism in Fe5GeTe2 and similar itinerant
materials containing structural disorder.
After the initial submission of this manuscript, an ar-
ticle reporting similar changes in the magnetization of
Fe5−xGeTe2 upon cobalt substitution was published.33
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SUPPLEMENTARY INFORMATION
X-RAY DIFFRACTION
Single crystal x-ray diffraction data for the crystal selected from the growth that produced 46% cobalt crystals were
found to contain sharp spots without notable streaking along l (negligible stacking disorder). A structural model was
successfully generated for this sample. The model is in space group P 3¯m1 and contains a split site ‘Fe1’ and Ge
positions in analogy to the structural model we have previously utilized for Fe5−xGeTe2 . The primitive structure
can also be described in space group P 3¯ with essentially identical atomic positions and slightly better refinement
indicators. We note that a twin law was necessary and several different twin laws were sufficient, including a two-fold
rotation about [001] or a mirror plane perpendicular to the c-axis.
Refinement using all iron in the unit cell or a mixture of iron/cobalt at 50/50 yielded similar refinement indicators.
Results for the 50/50 mixture of Fe/Co across all sites are shown to emphasize the importance of the substitution.
Based on DFT calculations, site preferences are expected.
The data were collected at 220 K for the 46% cobalt sample and are compared to data collected at 220 K for
the quenched Fe5−xGeTe2 sample. The data suggest a 0.2% increase in van der Waals gap relative to parent
Fe5−xGeTe2 while the majority of the interlayer spacing increase comes from an increase in the slab thickness (0.7%
expansion). The basal plane lattice parameter a decreases by 0.6% in the cobalt doped sample.
The single crystal x-ray diffraction data obtained from a crystal in the batch that yielded large crystals with
28% cobalt by EDS were found to contain evidence for a large degree of stacking disorder. This is similar to
Fe5−xGeTe2 crystals that are allowed to cool naturally in the furnace but with more stacking disorder for these
28% cobalt containing samples.1,2 This 28% cobalt sample also had weak superlattice reflections similar to those in
the parent phase.2 The dominance of stacking faults was also observed in quenched Fe5−xGeTe2 crystals that were
thermally-cycled to 50 K, which is below the first-order structural transition that occurs in metastable (quenched)
crystals upon cooling below 100 K for the first time. Note that the cobalt containing crystals were quenched from the
growth temperature of 750◦ C.
h0l h0l
 h=0 plane
(a) 28% cobalt (b) 46% cobalt
-3   -2   -1   0    1    2    3h=
 l = 21 
 l = 3 300 300 l = 3 
-3   -2   -1   0    1    2    3h=
 h=0 plane
 h=1 plane
-3 -2  -1   0   1   2   3h= -3  -2  -1   0   1   2   3h=
h0l h0l
 l = 1 
 l = 3 
Figure S1. X-ray single crystal diffraction data viewed in the (h0l) plane for (a) 28% and (b) 46% cobalt concentration relative
to iron. The streaking along l for h=±1 and ±2 in (a) is likely dominated by mixtures of primitive and rhombohedral stacking.
FIRST PRINCIPLES CALCULATIONS
Structural files (.cif formats) wih relaxed atomic positions have been uploaded as additional supporting information.
These files contain the atomic positions for the supercells utilized to investigate the distribution of atoms on the
Fe1 sublattice. Files are included for the atomic positions after relaxing in the ferromagnetic configuration for
Fe5GeTe2. The energetically preferred distribution on both Fe1a and Fe1b (a checkerboard pattern) is provided.
Another distribution on Fe1a and Fe1b (stripe pattern, not included) was only 3 meV/f.u. higher in energy and thus
11
we expect significant disorder in real crystals with both Fe1a and Fe1b occupied. The configuration involving only
Fe1a (all-up) is significantly higher in energy (file included). A structural file for Fe2Co3GeTe2 is included as well,
and this contains atomic positions after relaxation in the AFM ground state; two layers are necessarily included in
the atomic list but the underlying symmetry is a primitive cell.
For 20% cobalt substitution (complete substitution for Fe1 atoms), the atomic configurations with checkerboard
and stripe occupations of the Fe1a,b sublattice were equal in energy. These configurations were 63 meV/f.u. more
energetically favorable than the occupation of only Fe1a positions. This value is for a FM state using a primitive cell
to reduce computation time.
As discussed in the main text, the magnetic coupling within each layer or slab of Fe5GeTe2 appears to be
dominantly ferromagnetic based on the calculations performed. We also investigated a magnetic configuration with
intralayer AFM coupling. This simulation started with an AFM configuration where each crystallographic position at
a given z-coordinate was coupled FM to itself and AFM to the neighboring sites (which are at different z-coordinates
as moving upward through the layer). Upon relaxation, the following intra-layer AFM configuration was realized
with an energy that is 438 meV/f.u. above the calculated FM ground state. Each atomic site listed on a separate
line is at a slightly different z-coordinate within a given Fe5GeTe2 layer. The Fe1a,b entries have fewer spins because
these atoms are distributed across Fe1 in a checkerboard pattern.
Configuration stabilized after relaxation with AFM coupling within a given structural layer (slab) of Fe5GeTe2:
Fe1a ↑ ↑
Fe3 ↓ ↓ ↓ ↓
Fe2 ↑ ↓ ↑ ↓
Fe2 ↑ ↓ ↑ ↓
Fe3 ↑ ↑ ↑ ↑
Fe1b ↓ ↓
The projected density of states (DOS) are shown for several atomic and magnetic configurations in Fig. S2. These
calculations used a distribution of atoms on the Fe1a and Fe1b atomic positions (in a checkerboard arrangement).
The DOS are normalized as per formula unit (f.u.) so that the primitive and rhombohedral cells can be compared
more directly. The calculations for 0 and 20% cobalt assumed the lattice constant of the parent phase, while the 60%
cobalt concentration assumed the lattice obtained by single crystal x-ray diffraction of a crystal with ≈46% cobalt.
Both sets of lattice parameters come from single crystal diffraction data collected at 220 K. Importantly, a calculation
performed for Fe5GeTe2 using the layer spacing associated with the primitive cell with 46% cobalt (accounting for
symmetry change) did not have a significant effect on the total energy.
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Figure S2. Electronic density of states (DOS) from spin polarized first principles calculations DOS for the
ferromagnetic (FM) order in (a,c,d) are compared to DOS for the antiferromagnetic AFM ordering in (b,d,f) where AFM
coupling is between slabs along [001]. Cobalt concentrations and lattice centering are listed in legend along with magnetic
coupling. All spins are ferromagnetically aligned within a structural slab. Panels (a,c,f) are the ground state configurations for
these pairwise comparisons at a given composition.
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Figure S3. Magnetization data for first thermal cycling to cryogenic temperatures after quenching from the
growth conditions Thermal hysteresis in M(T ) is observed in quenched crystals, as shown for (a) the parent compound and
(b) a crystal with 13% cobalt content. This thermal hysteresis is only present during the first thermal cycling. (c) No thermal
hysteresis was observed for the 28% cobalt crystal, indicating that cobalt substitution eliminates the metastability present in
Fe5−xGeTe2. Data are for H ⊥ c .
All crystals measured here were quenched from the growth temperature. The parent Fe5−xGeTe2 displays a first-
order magneto-structural transition upon cooling below 100 K for the first time after quenching. This strongly impacts
the magnetization and after the first thermal cycle the TC is enhanced (to 310 K) and the magnetic properties
are reversible in the range 2-360 K. The hysteretic M(T ) for the first thermal cycle of Fe5−xGeTe2 is shown in
Fig. S3(a). Hysteresis was still observed at 13% cobalt content (Fig. S3(b)) but was not observed at 28% cobalt
(Fig. S3(c)). Thermal hysteresis was not observed in the M(T ) data for crystals with higher cobalt content that
displayed antiferromagnetic character. When thermal hysteresis was observed, the main text shows data after the
first thermal cycle and thus represent the reversible properties that also possess higher TC than upon first cooling
from the quenched state. The relationship between the metastability/thermal hysteresis and a structural transition
near 570 K in Fe5−xGeTe2 is discussed in Ref. 3.
Magnetization data for a crystal with a measured cobalt concentration of 54(2)% cobalt are shown in Fig. S4.
Demagnetization effects were not included.
The effect of demagnetization fields is expected to be strong for these plate-like ferromagnetic crystals. Indeed, the
M(T ) data would suggest that the moments are more readily aligned perpendicular to [001], yet the material appears
as an easy-axis [001] ferromagnet for low T according to neutron diffraction data as well as investigation of exfoliated
flakes.2 After estimating the demagnetization effect, the M(H) data for Fe5−xGeTe2 reveals that the moments are
saturated with a small internal field while 7-10 kOe is required to saturate the moments when H ⊥ c . This is
illustrated in Fig. S5, which demonstrates that the trend with cobalt content is independent of this demagnetization
effect. For simplicity, the data in the main text are plotted without estimating a demagnetization field (the fields
provided are the applied magnetic field).
SPECIFIC HEAT AND ELECTRICAL RESISTIVITY
Four-probe electrical resistivity and specific heat capacity measurements were completed in a Quantum Design
Physical Property Measurement System to verify the metallic nature for both FM and AFM compositions. The
resistances relative to the values obtained at 300 K are shown in Fig. S6 for select crystals. At 300 K, the resistivity for
different crystals was between 220-540µOhm-cm. The Sommerfeld electronic coefficient γ was obtained from a linear
fit of CP /T versus T
2 where the intercept is γ. The values of γ are per transition metal (TM) and not per formula
unit. For simplicity, the same moleclar weight is used for all compositions. The difference in molecular weight between
Fe5GeTe2 and hypothetical Co5GeTe2 is ≈2.5%, which is much smaller than the change in γ that is observed.
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Figure S4. Magnetization data for crystal with 54(2)% cobalt (a) M(T ) data that were collected upon cooling in an
applied field; data in (b) are plotted as a function of applied field and were collected upon decreasing the magnetic field towards
zero.
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Figure S5. Isothermal magnetization data including estimated demagnetization effects Isothermal magnetization
plotted as a function of internal field after estimating demagnetization effects for (a) Fe5−xGeTe2 and (b) a crystal with 28%
cobalt.
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Figure S6. Electrical resistance and specific heat capacity of select crystals (a) Resistance normalized to values
at 300 K. The parent phase has a strong change in temperature dependence near 120 K associated with moments on the Fe1
sublattice and this is not observed in the cobalt containing samples. (b) Specific heat divided by temperature versus temperature
squared to demonstrate the electronic contributions. (c) Sommerfeld coefficients γ obtained from the fits in panel (b) for various
cobalt concentrations.
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